We examined the effects of DARP-36aa on the survival and morphological development of embryonic rat mesencephalic neurons. Treatment of mesencephalic cultures with DARP-36aa, a synthetic peptide corresponding to the N terminal of dopamine-releasing protein (DARP), resulted in a 1.8-fold increase in neuron survival. Morphological analysis revealed that DARP-36aa-treated neurons contained 48% more branching points per neuron compared with controls. DARP-36aa selectively affected mesencephalic cultures; diencephalic and C6 glioma cells were not affected by DARP-36aa treatments. Mesencephalic cultures were also incubated with polyclonal antibodies against DARP-36aa (anti-DARP-36aa) to assess the effect of immunoneutralization of endogenous DARP on these cells. Mesencephalic cultures treated with anti-DARP-36aa contained 43% fewer neurons, and the number of branching points per neuron was decreased by nearly twofold compared with cultures grown with medium alone. Similar to cultures treated with DARP-36aa, immunoneutralization of DARP had no effect on any parameters examined in primary diencephalic and C6 glioma cultures. Mesencephalic cultures maintained in the presence of DARP-36aa had a 3.2-fold increase in the number of tyrosine hydroxylase (TH)-immunoreactive neurons, whereas anti-DARP-36aa incubations decreased TH-immunoreactive neurons by 40% compared with control cultures. Finally, coincubation of the specific tyrosine kinase inhibitor genistein with DARP-36aa resulted in a complete attenuation of DARP-36aa-mediated neuron survival and development in mesencephalic cultures. The findings indicate that DARP-36aa is a novel neurotrophic peptide that selectively promotes the survival and development of mesencephalic neurons.
Introduction
Neurotrophic factors regulate the survival and differentiation of developing neurons as well as maintain and promote the regeneration of mature neurons (Barde, 1989; Lindsay et al., 1994; Mufson et al., 1999) . Neurotrophic factors are widely expressed and regulate diverse populations of neurons throughout the CNS (Kokaia et al., 1993; Gibbs and Pfaff, 1994; Lindsay et al., 1994; Mufson et al., 1999) . In particular, characterization of the trophic actions of glial cell line-derived neurotrophic factor (GDNF) on the mesencephalic dopaminergic system has been well studied. GDNF stimulation results in increased cell size, neurite extension, and expression of phenotypic markers in dopaminergic neurons (Lapchak et al., 1996; Clarkson et al., 1997; Grondin and Gash, 1998) . However, the survival of most populations of neurons depends not only on a single survival factor but also on several factors from multiple families of known and yet undefined trophic factors (Korsching, 1993; Snider, 1994) . Dopamine (DA)-releasing protein (DARP) was originally purified from the rat adrenal gland and shown to rapidly induce the release of DA from in vitro striatal tissue (Chang and Ramirez, 1988) . DARP immunoreactivity has been localized in both neurons and astrocytes in rat mesencephalic cell cultures as well as in C6 glioma cells, where it was secreted during culture (Smith and Ramirez, 1999) . Kuhananthan et al. (1991) reported that the injection of DARP antibodies resulted in a marked increase in fetal resorption and a decrease in DA concentration in the midbrain of postnatal rats. Later, DARP was purified from the rat mesencephalon on embryonic day 17 (E17). Immunoneutralization of DARP on E17 significantly altered the DA concentration in the mesencephalon, whereas changes in DA levels were not detected in the diencephalon and telencephalon, suggesting that DARP may play a selective role in the development of dopaminergic neurons in the mesencephalon (Llano and Ramirez, 1994) .
Immunopurification of DARP from primary mesencephalic cell cultures revealed that DARP is a multisubunit protein of 200 kDa. Reduction of this 200 kDa protein results in the generation of three subunits of ϳ60, 50, and 25 kDa (Ramirez and Marcus, 1992; patent number 5,146,786) . N-terminal sequence information from purified DARP indicated that DARP has little sequence similarity with known neurotrophic factors. However, the first 33 aa of DARP were found to have 68% identity with serum albumin (Smith and Ramirez, 2002) . Sequence information from immunopurified DARP was used in the synthesis of DARP-36aa, a synthetic 36 aa peptide. DARP-36aa induced DA release from in vitro striatal tissue at nanomolar concentrations (Ramirez and Marcus; patent number 5,146,786); antibodies generated against DARP-36aa had strong immunoreactivity with endogenous DARP (Smith and Ramirez, 1999) . We have demonstrated re-cently that DARP-36aa enters C6 glioma and mesencephalic cells through receptor-mediated endocytosis pathways (Smith and Ramirez, 2002) .
The aim of the present study was to expand on the findings that DARP selectively affects the survival and development of mesencephalic neurons. Using immunocytochemistry and stereological analysis, we investigated the effects of both DARP-36aa administration and DARP immunoneutralization on rat mesencephalic neurons, diencephalic neurons, and C6 glioma cells. We also investigated the neurotrophic properties of DARP-36aa by examining the effects of coincubation of genistein, a tyrosine kinase inhibitor, with DARP-36aa on mesencephalic neuron survival.
Materials and Methods
DARP-36aa peptide. Sequence information from the first 36 aa of the N terminal of the 60 kDa subunit of immunopurified DARP (Smith and Ramirez, 2002) was used to synthesize DARP-36aa. The amino acid composition of DARP-36aa is DFHKSEIAHRFNDLGEKMFKMLNLDMR-NMYLQQKTS.
Primary cell culture. Primary mesencephalic and diencephalic cell cultures were prepared from E17 rat pups (Sprague Dawley). Dissection of the diencephalon and mesencephalon was performed with the ventral aspect of the brain facing up. Diencephalic tissue was taken from the level of the optic chiasm through the posterior border of the hypothalamus. Mesencephalic tissue was removed from the posterior border of the hypothalamus to the anterior border of the pons. Mesencephalic and diencephalic tissues were placed into sterile Petri dishes containing Mg 2ϩ / Ca 2ϩ -free Tyrode's solution. After dissection, tissue was diced into 1-3 mm cubes and washed twice with 20 vol of Mg 2ϩ /Ca 2ϩ -free Tyrode's solution. Cells were pelleted by centrifugation at 325 ϫ g for 5 min. The resulting pellet was incubated in 2 ml of trypsin/EDTA (Sigma, St. Louis, MO) at 37°C for 15 min. Enzymatic digestion was stopped with the addition of a 2ϫ vol of DMEM (Invitrogen, Gaithersburg, MD) containing 10% fetal bovine serum (FBS; Sigma). Tissue was then mechanically triturated using a sterile Pasteur pipette attached to a Pi-Pump (20 passes; Drummond Scientific, Broomall, PA). Cell suspensions in DMEM containing 10% FBS were seeded onto poly-L-lysine/laminin-coated coverslips (Fisher, Pittsburgh, PA) in 24 well culture plates (1.5 ϫ 10 5 cells/ well). Cultures were maintained at 37°C in a humidified atmosphere containing 94% O 2 and 6% CO 2 .
C6 glioma cell cultures. C6 glioma cells (Benda et al., 1968 ) (American Type Culture Collection, Manassas, VA) were cultured on glass coverslips in 24 well culture plates (Corning, Acton, MA). Cells were plated at a density of 1.5 ϫ 10 5 cells/well in Ham's F-12K medium (Invitrogen) supplemented with L-glutamine (2 mM), sodium bicarbonate (1.5 gm/l), 15% horse serum (Sigma), and 2.5% FBS. Cultures were kept at 37°C in a humidified atmosphere containing 94% O 2 and 6% CO 2 .
Culture treatments. Primary mesencephalic, diencephalic, and C6 glioma cell cultures were processed in the same manner. Three independent experiments were performed with at least three culture wells examined per treatment group. Cultures treated with DARP-36aa were allowed to adhere overnight in serum-supplemented DMEM (primary cultures) or Ham's F-12K (C6 glioma cultures) culture medium. After adherence, the cells were washed three times and cultured in a defined medium consisting of Ham's F-12K and DMEM (1:1 ratio) with N2 supplements (Bottenstein et al., 1979) in the presence of 10 nM DARP-36aa, 50 nM DARP36aa, or N2 medium alone (control). Culture medium containing DARP-36aa was subsequently changed every other day until in vitro day (IVD) 7. Anti-DARP-36aa-treated cultures were grown for 8 d in serumsupplemented DMEM or Ham's F-12K medium. Cultures were incubated with either 10 g of anti-DARP-36aa or 50 g of anti-DARP-36aa on IVD 5 and IVD 7 and compared with control cultures grown in serum-supplemented medium alone. The tyrosine kinase inhibitor genistein (Sigma) was included in select primary mesencephalic culture incubations. Cultures received 10 nM DARP-36aa, 10 g of genistein, both 10 g of genistein and 10 nM DARP-36aa, or ethyl alcohol (EtOH; genistein vehicle) in serum-free N2 medium. Incubations were performed using the same procedure detailed above for DARP-36aa.
Immunocytochemistry. Primary mesencephalic cultures were processed for immunocytochemistry on IVD 7 (DARP-36aa treated) or IVD 8 (anti-DARP-36aa treated). Cells were washed with 0.1 M PBS and fixed for 30 min in 4% paraformaldehyde in 0.1 M PBS. Cultures were blocked and permeabilized by a 1 hr incubation in 0.1 M PBS with 0.4% Triton X-100, 1% bovine serum albumin (BSA), and 4% goat serum (GS). Subsequently, cells were incubated overnight at 4°C with anti-neuronspecific enolase (anti-NSE, 1:500; Chemicon, Temecula, CA) or antityrosine hydroxylase (anti-TH, 1:1000; Chemicon), in 0.1 M PBS with 0.4% Triton X-100, 1% BSA, and 1% GS. After primary antibody treatment, anti-rabbit IgG conjugated to horseradish peroxidase (1:300; Sigma) in PBS with 1% BSA was applied for 2 hr at room temperature. Visualization of immunoreactive proteins was accomplished through the use of a 3,3Ј-diaminobenzidine (Sigma) substrate system. Staining specificity was determined by the substitution of 2% GS in 0.1 M PBS for the primary antibody.
Stereological analysis of cell cultures. The quantitative analysis of neuron number and cell morphology was accomplished using a field sampling technique described by Ventimiglia et al. (1995) . Briefly, photomicrographs (40ϫ objective) of a series of randomly selected populations in each culture well were taken, with six wells sampled per treatment group. Photomicrographs were enlarged until a final magnification of 800ϫ was obtained, corresponding to a 5 ϫ 3 mm area of the culture well. A series of counting grids were superimposed onto the photomicrographs and used to determine neuron number, cell body area, and number of branch points for NSE-positive and TH-positive neurons.
Quantification of neuron and TH-positive cell number was determined using the following formula: N t ϭ (⌺N )(5 mm)(3 mm)(M 2 )/A f , where N t is the total number of cells, ⌺⌵ corresponds to the sum of neurons counted in each photomicrograph, (5 mm)(3 mm) is the area of the culture represented by the photograph, M 2 is the final magnification, and the total area of the counting frame (photograph) is represented by A f (Ventimiglia et al., 1995b) .
A second grid system, described by Ventimiglia et al. (1995) , was used to determine the cell body area. The total number of grid points ( P) that fell within the cell body of each cell was multiplied by the total area represented by each point (A p ). The resulting value was corrected for total magnification (M 2 ): cell body area ϭ ( P)(A p )/M 2 . A third grid system consisting of 35 small counting frames (frame area, 1 cm 2 ) was superimposed onto each photomicrograph to determine the total number of neuronal branch points per culture well. The total number of branch points counted using the grid system was corrected for sampling frequency and magnification by the following formula: total branch point per well ϭ (⌺P B )(5 mm)(3 mm)(M 2 )/A g , where ⌺P B represents the sum of all branch points counted per photomicrograph and A g is the total area of the grid system (35 frames ϫ 1 cm 2 ). The total number of branch points per well was then divided by the total number of neurons in the culture well to yield the number of branch points per neuron (Ventimiglia et al., 1995b) . Statistical analysis. Statistical analysis was performed with a commercially available software package (SigmaStat 2.03; SPSS Science, Chicago, IL). The significance of differences between treatment groups was determined by one-way ANOVA. A Tukey test was used for pairwise multiple comparison procedures between treatment groups. In all cases a p value of Յ0.05 was considered significant.
Results

DARP-36aa selectively promotes survival of mesencephalic neurons
In this study, primary mesencephalic cell cultures were used to examine the ability of DARP-36aa to promote the survival of mesencephalic neurons. Mesencephalic cells were cultured for 7 d in chemically defined N2 medium. Cultures received 10 nM DARP-36aa, 50 nM DARP-36aa, or N2 medium alone and were processed for NSE immunoreactivity to assess the neuron number on IVD 7. Treatment with both 10 and 50 nM DARP-36aa resulted in a significant increase in mesencephalic neuron survival. Specifically, cultures that received 10 nM DARP-36aa had ϳ85% more NSE-positive cells than untreated controls, whereas treatment with 50 nM DARP-36aa resulted in an approximate 70% increase in NSE-positive cells compared with control cultures (Table 1) .
In addition to promoting neuron survival, DARP-36aa treatments resulted in increased morphological differentiation of NSE-immunoreactive cells in mesencephalic cultures (Fig. 1) . Microscopic analysis revealed a striking increase in the number of branch points per neuron and cell connectivity in cultures treated with DARP-36aa. Control cultures (Fig. 1b) were found to have relatively low levels of connectivity and neurite branching compared with DARP-36aa-treated cultures (Fig.  1c,d ). However, incubation with DARP-36aa did not have an effect on cell soma size (Table 1 ). These findings demonstrate that DARP-36aa promotes the survival and morphological differentiation of mesencephalic neurons but does not affect cell soma area.
To further characterize the ability of DARP-36aa to promote the general survival and development of CNS cells, we investigated the effect of DARP-36aa on diencephalic and C6 glioma cell cultures. Figure 1a compares the effect of DARP-36aa on mesencephalic neuron, diencephalic neuron, and C6 glioma cell number. Although DARP-36aa treatment resulted in a significant increase in the total number of mesencephalic neurons surviving on IVD 7, there was no significant effect of DARP-36aa on diencephalic neurons or C6 glioma cells. These results provide evidence for cell selectivity and specificity of DARP-36aa trophic activity.
Anti-DARP-36aa selectively affects mesencephalic neuron survival and morphology
Our laboratory has reported that in vivo immunoneutralization of DARP alters DA levels in the rat CNS (Llano and Ramirez, 1994) . In an effort to determine whether in vitro immunoneutralization of endogenous DARP has an effect on neuron survival and development, we incubated primary mesencephalic cell cultures with a polyclonal antibody generated against DARP-36aa (anti-DARP-36aa). Mesencephalic cells were cultured for 8 d in serum supplemented with DMEM and treated with 10 g of anti-DARP-36aa, 50 g of anti-DARP-36aa, or serum-supplemented medium alone.
Mesencephalic cultures treated with 10 g of anti-DARP-36aa contained 43% fewer NSE-positive neurons than cultures grown in serum-supplemented DMEM alone. Treatment with 50 g of anti-DARP-36aa also resulted in a significant decrease in NSEpositive neurons on IVD 8 (Fig. 2, Table 1) . Morphological analysis demonstrated that incubation with anti-DARP-36aa resulted in a dose-dependent decrease in neuronal branching and culture connectivity (Fig. 2c,d ) versus controls (Fig. 2b) . Treatment of mesencephalic cultures with anti-DARP-36aa did not significantly affect NSE-immunoreactive cell body area at either concentration examined (Table 1) .
To determine whether other CNS cells respond to anti-DARP-36aa, experiments similar to those performed for DARP36aa were conducted using diencephalic neurons and C6 glioma cells. Diencephalic neuron and C6 glioma cell survival and morphological development were not significantly affected by treatment with either 10 g of anti-DARP-36aa or 50 g of anti-DARP-36aa (Fig. 2a) . 
DARP-36aa increases catecholaminergic neuron number and morphological changes
We examined the effect that DARP-36aa has on catecholaminergic neuron survival in the mesencephalon by comparing the number of TH-immunoreactive cells in mesencephalic cultures. Immunocytochemical analysis of mesencephalic cultures revealed a relatively small population of TH-positive neurons in serum-free N2 control cultures on IVD 7. Cultures treated with DARP-36aa at concentrations of 10 and 50 nM showed a 2.5-to 3.2-fold increase in TH-positive neuron number compared with control cultures (Table  2) . Based on the determination of TH-positive and total neuron numbers, we estimated that the catecholaminergic neuron population represented ϳ13, 23, and 21% of the total neuronal population in control, 10 nM DARP-36aa-treated, and 50 nM DARP-36aa-treated cultures, respectively. DARP-36aa-treated cultures revealed pronounced morphological changes of TH-immunoreactive neurons compared with N2 control cultures. Table 2 summarizes the quantification of THimmunoreactive neuron cell body area and branching points per neuron. Similar to NSE-immunoreactive neurons, DARP-36aa treatments significantly increased neuronal branching and had no significant effect on the average cell body area of TH-immunoreactive cells.
Anti-DARP-36aa decreases catecholaminergic neuron number and morphological changes
To expand further on the findings that DARP-36aa promotes the survival and development of catecholaminergic neurons in mesencephalic cell cultures, anti-DARP-36aa was used in an attempt to immunoneutralize endogenous DARP in these cultures. Treatment with anti-DARP-36aa resulted in a significant decrease in TH-immunoreactive neurons (Table 2 , Fig. 3a) . Incubating mesencephalic cultures with anti-DARP-36aa also resulted in a marked decrease in the number of branch points in the neuritic arborization of catecholaminergic neurons (Fig. 3b-f ) . Comparable with DARP-36aa incubations, anti-DARP-36aa treatments did not significantly affect TH-immunoreactive cell body area in mesencephalic cultures (Table 2) .
Genistein inhibits DARP-36aa induced neuron survival in primary mesencephalic cultures
To examine the specificity of and to identify a putative signal transduction pathway for DARP-36aa, we examined the effect of genistein incubation on DARP-36aa-mediated neuron survival. A third independent experiment, similar to those described above for DARP-36aa, was performed to evaluate the effects of genistein incubations. As expected, incubation with 10 nM DARP-36aa resulted in a significant increase in NSE-immunoreactive neuron survival on IVD 7 (Fig. 4a,d ). Genistein treatments (10 g) did not significantly alter the number of NSE-immunoreactive neurons compared with EtOH control cultures (Fig. 4a-c) . Interestingly, coincubation of 10 g of genistein with 10 nM DARP-36aa completely eliminated DARP-36aa-mediated increases in the number NSEimmunoreactive neurons per culture well (Fig. 4a,d ,e). 1995a; Loudes et al., 1999) . GDNF is a potent regulator of survival and morphological differentiation of midbrain dopaminergic neurons and has also been shown to increase high-affinity dopamine uptake in these cells (Lin et al., 1993; Hou et al., 1996; Clarkson et al., 1997; Burke et al., 1998) . Reports have shown that mitogenic growth factors, including basic fibroblast growth factor, insulin-like growth factor, and epidermal growth factor (EGF) promote survival and increase dopamine reuptake in cultured mesencephalic neurons (Ferrari et al., 1989 (Ferrari et al., , 1990 Knusel et al., 1990; Casper et al., 1994) . In addition to the partial list of characterized trophic factors described above, there have been reports demonstrating the existence of several undefined trophic factors that promote the survival and development of mesencephalic neurons (Engele et al., 1996; Krieglstein and Unsicker, 1997; Panchision et al., 1998; Zhou et al., 2000) .
Discussion
In the present study, we assessed the effects of exogenously added DARP-36aa and immunoneutralization of DARP on the survival of mesencephalic neurons in vitro. Treatment of mesencephalic cultures with DARP-36aa resulted in a significant increase in neuron survival. Similar increases in the overall neuronal population have been observed in dissociated rat striatal cultures after brain-derived neurotrophic factor (BDNF) treatment (Ventimiglia et al., 1995a) . However, DARP-36aa-mediated effects on NSE-immunoreactive neuron survival differ from the effects of other well characterized neurotrophic factors. Neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), and BDNF (Hyman et al., 1994; Studer et al., 1995) , as well as GDNF (Lin et al., 1993; Grondin and Gash, 1998) , have survival-promoting effects on subpopulations of mesencephalic neurons but do not have a significant effect on overall mesencephalic neuronal population.
Mesencephalic cultures incubated with anti-DARP-36aa contained significantly fewer NSE-immunoreactive neurons compared with cultures grown with serum-supplemented medium alone. These findings correlate with and provide an explanation for previous reports that in vivo immunoneutralization of DARP resulted in a significant decrease in DA levels in the corpus striatum of postnatal rat pups (Kuhananthan et al., 1991) . Also, it was found that E17 injections of anti-DARP induced fetal resorption and selectively altered mesencephalic DA concentration in treated animals (Llano and Ramirez, 1994) . Similar decreases in neuronal survival have been observed after the incubation of blocking antibodies against NT-3 in hippocampal cultures (Lindholm et al., 1996) and in catecholaminergic caspase-3-activated DNase neuronal cell lines (Horton et al., 2001) .
There has been considerable interest in the characterization of neurotrophic factors that regulate the survival and maintenance of dopaminergic neurons in the mesencephalon, given their relevance to several neurodegenerative diseases (Lindsay et al., 1993; Grondin and Gash, 1998) . Therefore, we examined the effects of DARP-36aa and anti-DARP-36aa on the subpopulation of catecholaminergic neurons in the mesencephalon. Mesencephalic cultures maintained in the presence of DARP-36aa had a 3.2-fold increase in the number of TH-immunoreactive neurons, whereas the immunoneutralization of DARP, from native DARPproducing cells (Choi et al., 1994) , resulted in a 40% decrease in TH-immunoreactive neurons compared with control cultures. The 3.2-fold increase in TH-immunoreactive neuron number in DARP-36aa-treated cultures was considerably greater than the observed 1.8-fold increase in total neuron number in these cultures. These findings suggest that DARP-36aa treatments affect the development of catecholaminergic neurons as well as overall neuron survival. DARP-36aa-mediated increases in THimmunoreactive neuron number were similar to the effects of neurotrophins on dopaminergic neuron survival in mesencephalic cell cultures. BDNF treatments resulted in a threefold increase and NT-3 elicited a 2.3-fold increase in TH-positive neuron number on culture day 7 (Hyman et al., 1994) . Interestingly, incubating mesencephalic cultures with 10 nM DARP-36aa elic- ited a greater increase in neuron number compared with 50 nM DARP-36aa treatments. Hyman et al. (1994) have also reported that high concentrations of both NT-3 and NT-4/5 resulted in a slight attenuation of observed increases in TH-immunoreactive cell number in mesencephalic cultures.
DARP was originally identified and isolated from the rat adrenal gland as a result of its ability to induce DA release from striatal tissue (Chang and Ramirez, 1988) . Also, DARP was localized in and is released from rat C6 glioma cells (Smith and Ramirez, 1999) . To address the possible effects of DARP-36aa on the survival of other distinct CNS cell populations, we examined the effect of DARP-36aa incubation in these physiologically relevant cells. In contrast to the pronounced effects of DARP-36aa and anti-DARP-36aa on mesencephalic neuron survival, neither DARP-36aa nor anti-DARP-36aa had any significant effect on diencephalic neuron survival. Neurotrophic factors have been shown to exert growth-promoting actions on distinct neuronal populations. Several studies have demonstrated that BDNF, NT-3, and NT-4/5 but not nerve growth factor regulate mesencephalic neuron survival (Knusel et al., 1990; Hyman et al., 1994) . Also, BDNF, NT-3, and NT-4/5 have been shown to affect subpopulations of neurons differentially within the mesencephalon (Hyman et al., 1994; Ventimiglia et al., 1995a) . The finding that DARP-36aa selectively promotes neuron survival in the mesencephalon but not in the diencephalon demonstrates that DARP36aa does not regulate neuron survival in a general nonspecific manner. One might speculate that unaffected neurons did not express a putative DARP receptor, an important issue that requires additional research.
DARP-36aa and anti-DARP-36aa treatments had no significant effect on C6 glioma cell survival or proliferation at any concentration examined. In addition, very few non-neuronal cells were detected in mesencephalic cultures treated with DARP-36aa or in control cultures grown in serum-free N2 medium alone. These findings suggest that observed DARP-36aa-mediated neurotrophic effects occurred via a direct interaction with mesencephalic neurons and not through interaction with glial cells.
Morphological analysis revealed that DARP-36aa-treated neurons had a marked increase in branching points per NSEimmunoreactive neuron. Significant increases in neural branching were also observed after DARP-36aa treatments in THpositive neurons. Comparable increases in TH-immunoreactive neuron branching have been observed in mesencephalic cultures treated with NT-4/5 (Studer et al., 1995) . However, DARP-36aa-mediated increases in TH-immunoreactive neuronal branching were not as robust as those reported for GDNF (Lin et al., 1993; Grondin and Gash, 1998) . As expected, significant decreases in the number of branching points per neuron were observed in mesencephalic cultures after DARP immunoneutralization. In contrast to the neurotrophins and GDNF (Lin et al., 1993; Studer et al., 1995) , DARP-36aa and anti-DARP-36aa treatments did not significantly alter the cell soma area.
The soy isoflavone genistein has been shown to attenuate the proliferative effects of several growth factors in vitro (Jing and Waxman, 1995; Peterson, 1995) . We have reported recently that genistein significantly inhibits DARP-36aa internalization and transport in C6 glioma cells (Smith and Ramirez, 2002) . In this study, we have shown that genistein completely attenuated DARP-36aa-mediated trophic effects in mesencephalic cell cultures. Genistein incubation in serum-free culture medium had no effect on neuron survival and morphological development, demonstrating that genistein selectively inhibits DARP-36aa-mediated trophic effects. Overall, these findings provide evidence for a putative receptor-signaling pathway for DARP-36aa. The antiproliferative effects of genistein are thought to be mediated through the inhibition of tyrosine protein kinase activity (Akiyama et al., 1987; Yang et al., 1996; Penar et al., 1997) . Akiyama et al. (1987) reported that genistein is a highly specific inhibitor of tyrosine kinases but a relatively ineffective inhibitor of serine and threonine kinases as well as other ATP analogrelated enzymes. Several investigators have demonstrated that genistein is a specific inhibitor of tyrosine autophosphorylation of the EGF receptor (Akiyama et al., 1987; Peterson, 1995; Yang et al., 1996; Penar et al., 1997) . Current findings, coupled with DARP-36aa internalization studies (Smith and Ramirez, 2002) , suggest that DARP-36aa may be a ligand for the EGF receptor, or more likely, a yet uncharacterized receptor with related signaltransduction properties. However, recent studies in our laboratory have demonstrated that DARP-36aa does not activate Figure 4 . Genistein inhibits DARP-36aa-induced neuron survival in primary mesencephalic cultures on IVD 7. a, Treatment with 10 nM DARP-36aa resulted in a significant increase in the total number of neurons surviving on culture day 7. Genistein eliminated DARP-36aa-induced neuron survival, although it had no significant effect on neuron number when incubated in the absence of DARP-36aa. Cells were cultured for 7 d and treated with 10 nM DARP-36aa, 10 g of genistein, both 10 g of genistein and 10 nM DARP-36aa, or EtOH in serum-free N2 medium on IVD 2, IVD 4, and IVD 6. Asterisks indicate a significant difference ( p Ͻ 0.01) in neuron number between treatment groups. Error bars indicate SEM. b, Phase contrast photomicrograph of primary mesencephalic cell cultures in N2 medium containing EtOH. c, Mesencephalic cultures treated with 10 g of genistein. d, Mesencephalic cultures have increased cell number and connectivity after incubation with 10 nM DARP-36aa. e, Incubation of 10 g of genistein with 10 nM DARP-36aa completely eliminated DARP-36aa-mediated increases in neuron number and culture connectivity. All photomicrographs were taken on IVD 7. Scale bars, 50 m.
mitogen-activated protein kinase pathways in cultured mesencephalic neurons (our unpublished observations).
The adrenal gland is a source for a large number of neurotrophically active neuropeptides. Adrenal chromaffin cells express BDNF, NT-4/5, GDNF, and TGF-␤ (Unsicker, 1993; Krieglstein et al., 1996; Suter-Crazzolara et al., 1996) . Interestingly, Krieglstein and Unsicker (1997) have reported the existence of a putative growth factor for mesencephalic dopaminergic neurons from adrenal chromaffin granules. DARP was originally purified from rat adrenal homogenates as a result of its ability to induce DA release from striatal tissue in vitro (Chang and Ramirez, 1988) . Immunocytochemical studies have demonstrated the localization of DARP immunoreactivity in chromaffin granules of the rat adrenal medulla (Choi et al., 1993) . Later, it was shown that immunoneutralization of DARP resulted in increased fetal resorption and selective alteration of DA concentrations in the rat mesencephalon (Kuhananthan et al., 1991; Llano and Ramirez, 1994) . The present study reveals that DARP-36aa promotes neuron survival and development, whereas the immunoneutralization of DARP decreases the survival and development of mesencephalic neurons. Overall, the findings indicate that DARP is most likely a novel neurotrophic peptide for mesencephalic neurons produced by adrenal chromaffin and glial cells.
